Abstract-In electromagnetic-susceptibility testing of electronic equipment, the ideal incident field is a plane wave. To approximate this condition, a seven-element array of Yagi-Uda antennas has been constructed and tested at a frequency of 500 MHz. The element weightings are determined by a near-field synthesis technique, which optimizes the uniformity of the field throughout a rectangular test volume in the near field of the array. The amplitude and phase of the electric field have been measured throughout the test volume with a short-dipole probe, and the agreement with the theory is excellent.
I. INTRODUCTION TN electromagnetic-susceptibility testing of electronic equiplment, the ideal incident field is a plane wave. Far-field antenna ranges are generally unacceptable because they waste power outside the test volume and because the far-field distance is often inconveniently large. An ideal test facility would supply most of the power to the test volume containing the equipment under test (EUT), and the test-facility dimensions should not be too much larger than the test volume so that it could be located indoors.
The compact range [1] uses a paraboloidal reflector to produce an approximately plane wave in the near field, but the compact range is most useful at frequencies above 1 GHz. At low frequencies, transverse electromagnetic (TEM) cells [2] and parallel-plate transmission lines are used to produce TEM fields that are uniform over a portion of their cross section. Such transmission-line structures are most effective for testing EUT's that are electrically small. There exists a frequency gap (about 50 MHz to 1 GHz) between the low-frequency and high-frequency methods where another method of producing a plane wave is needed.
The feasibility of using phased arrays to fill the frequency gap has been studied, and a near-field array synthesis method has been developed to compute the array element excitations [3] . The method optimizes the field quality throughout the test volume and also constrains the element excitations to reduce the field strength outside the test volume. The synthesis method can be applied to arbitrary array elements and geometries, and, in this paper, we apply the method to a seven-element planar array of Yagi-Uda antennas. To check the theory and to gain experience in working with near-field arrays, we constructed a seven-element array of Yagi-Uda antennas and tested it at a frequency of 500 MHz [4] . In an actual electromagnetic-susceptibility test, we might prefer array elements with greater bandwidth, but Yagi-Uda antennas were useful for verifying the array theory because their characteristics are well understood and they have low radiation in the backward direction. Earlier experimental results have been obtained by Lynggaard [5] , who built and tested a fiveelement array of horns. The organization of this paper is as follows. Section II contains the analysis for the seven-element array. Section III describes the array construction and feed network and the method of probing the amplitude and phase of the electric field. Section IV contains the experimental results for the electric-field measurements throughout the test volume and gives some comparisons with the theoretical predictions of the electric field. Section V summarizes the results of this study and makes recommendations for further work.
II. THEORY
The geometry of the seven-element planar array is shown in Fig. 1 . The equally spaced array elements are located at the vertices and at the center of a regular hexagon in the xz plane. This configuration can also be viewed as a triangular arrangement of the array elements, and it is known to be very efficient in filling the planar-array surface without producing grating lobes [6] .
Only the driven elements are shown in Fig. 1 , but each driven element is accompanied by a passive reflector in order to reduce the radiation in the backward (negative y) direction. Thus each array element is actually a two-element Yagi-Uda antenna as described and analyzed in Section II-A. The excitations of the Yagi-Uda antennas are chosen to optimize the plane-wave character of the field in the rectangular test volume shown in Fig. 1 . In Section Il-B, the previously developed near-field array synthesis method [3] the driven element Id(z') and the reflector element Ir(z') are assumed to be sinusoidal:
To calculate the self-and mutual impedances, we use the mutual-impedance expressions given by King [11] . These expressions involve sine and cosine integrals, and efficient computer codes are available for evaluating these integrals [12] . Self-impedances are evaluated by computing the mutual impedance at a separation equal to the dipole radius a. The quantities in (2)- (4) 
By substituting (5) into (3) and (4), the following values are obtained for the current ratio and the input impedance:
where k -wi/.c-6 -27/N, 1to and -0 are the free-space permeability and permittivity, and X is the free-space wavelength. The time dependence exp(jot) is suppressed. The current distributions in (1) are symmetrical in z' and are zero at the ends of the elements. A more precise form of the currents could be obtained from three-term theory [7] , [8] or the method of moments [9] , but the sinusoidal assumption is adequate for thin dipoles of length on the order of a halfwavelength. The advantage of the sinusoidal current assumption is that simple expressions are available for the near fields [10] and the self-and mutual impedances [11] .
The base currents of the driven and reflector elements Id and Ir can be obtained from the following circuit relations: 
Thus the input impedance is larger than the self-impedance of the driven element given in (5) . The fields of the two elements add constructively in the forward direction (positive y) and cancel in the backward direction (negative y) because the phase of Ir/Id is near 900.
In the following sections, the near fields of the Yagi-Uda antenna are required. For the sinusoidal current distribution given in (1), the electric field radiated by the driven element Ed is given by [10] by [10] Hd=RHd + yfHd (8) where (9) The fields in (7)- (9) are those of the center element of the array in Fig. 1 , but the expressions are also applicable to any of the six outer elements because all elements are identical. It is only necessary to replace x by x -xj and z by z -zj where the element is centered at (xj, zj) in the xz plane.
B. Array Element Excitations
In this section, we use the previously developed near-field synthesis method [3] to determine the excitations of the array elements. The desired field is a plane wave propagating in the Hp=xHpx (10) where Epz = Eo exp (-jky) and Hpx = Eo/l1 exp (-jky).
The array and test volume in Fig. 1 have two planes of symmetry, the xy plane and the yz plane. Consequently, the excitations of the array elements possess the same symmetry as shown in Fig. 1 , and there are only three independent excitations. I, is the base current of the driven element at the origin, I2 is the base current of the four driven elements above and below the x axis, and I3 is the base current of the two elements on the x axis at x = ± s. The values of II, I2, and I3 are to be chosen to approximate the plane wave given by (10) within the test volume shown in Fig. 1 . If we neglect mutual coupling between the array elements, then the corresponding input voltages (vl, v2, and V3) are proportional to the base currents: VV2 = Zin' [2] ( 1 1) where Zi, is given by (4) . If mutual coupling is to be included, then Zin must be replaced by the appropriate impedance matrix as given in [4] . Of course, we always include the mutual coupling between the driven element and its reflector as given by (2)-(4).
The synthesis procedure that we use to determine II, I2, and 13 is a least squares procedure that minimizes the difference between the actual field and the desired plane-wave field given by (10) throughout the test volume shown in Fig. 1 . We do not show the mathematical details here, but they are given for the general case in [3] and for the Yagi-Uda array in [4] . If the least squares solution yields large element excitations and large fields outside the test volume, then a more useful solution is obtained by placing a constraint on the source norm [3] , [4] . This type of constraint has also been used in far-field synthesis [13] .
Numerical results for the synthesized currents are shown in Figs. 3 and 4 for the following parameters: s = X, hd = d = X/4, hr = 0.26X, a = 5.29 x 10-3X, andA = B = C = 1.5X. In Fig. 3 , the test volume is centered 1.75X from the array (yo 1.75X), and the constraint on the source norm has no effect because the least squares solution already satisfies the constraint. In Fig. 4 , the test volume is located farther from the array (yo = 2.75), and the constraint is seen to decrease the magnitudes of the currents. In both Figs. 3 and 4 , the synthesized currents are normalized to the current of a uniform array (II = I2 = I3 = Ij) as described in [4] .
The transverse variation of the electric-field magnitude IEz is shown in Fig. 5 for the synthesized currents of Fig. 4 prevent wasted power and reflections from surrounding walls or objects.
III. EXPERIMENT
The array as described in Section II and shown in Figs. 1 and 2 was constructed, and a series of measurements was performed throughout the test volume shown in Fig. 1 . A test frequency of 500 MHz was chosen for convenience, although the array can be adjusted for any frequency from 100 to 1000 MHz.
A. Array Construction
A photograph of the seven-element array in the National Bureau of Standards (NBS) anechoic chamber is shown in Fig.  6 . Each driven dipole element is fed with a dual-coaxial transmission line as described in [14] . The coaxial lines were, in turn, fed with a 0°-180°hybrid junction (power splitter). Each dipole antenna was then tuned for resonance at 500 MHz by adjusting the length of the telescoping arms on the dipole. The driven-to-reflector distance d and the reflector length 2hr (Fig. 2) were then adjusted according to dimensions in Section II-B; d = X/4 and hr = 0.26X, based on the physical length of the driven element (X/2).
The masts for the seven Yagi-Uda antennas were attached to the structure shown in Fig. 6 . This particular arrangement allowed easy positioning of all the elements for any chosen frequency (100-1000 MHz), with 500 MHz chosen for this experiment. The dual-coaxial lines from each antenna extended back and perpendicular from the driven element to a wall of RF absorber. The RF source, power-splitting network, and instrumentation are behind the absorber wall and outside the anechoic chamber. Further details are given in [4] .
B. Probe
The RF-probe construction duplicated the driven element of the Yagi-Uda antennas. Here, the dipole length was X/10 (approximately 6 cm) rather than X/2 used for the resonant antenna. The same dual-coaxial feed system was used and these cables were carefully positioned to minimize interactions with the RF field being measured. As near as was practical, the cables were hidden behind sections of RF absorber. The signal from the probe then traveled through a coaxial line along the floor of the anechoic chamber and out through the door to the instrumentation. Both amplitude and phase of the electricfield components were measured.
C. Track
The probe moved through the test volume on a nonconductive motorized track. The motor for the track sat on the base and, through a series of belts and pulleys, moved the probe in a horizontal linear direction. The motor also drove a precision potentiometer. The resistance of the potentiometer was then used, after careful calibration, to determine the position of the probe along the track. The direction of the track was aligned with the z axis of the array coordinates; thus all scans are along this axis. The x position can be changed by raising and lowering the track, and the y position by moving the cart (a feature of the anechoic chamber) along the y coordinate, perpendicular to the array. Thus, by selecting an x and y position and scanning the z direction, the test volume can be mapped. The amplitude and phase measurements were taken by manually controlling the track position via a switch located outside the anechoic chamber. At every selected location, the computer was triggered to accumulate the data and store them on a disk. A single scan read 60-80 data points.
D. Instrumentation
The measurement system used a vector analyzer (phase/ amplitude receiver), digital multimeter to read ohms and, hence, track position, and a computer/instrument controller.
As indicated, the track was positioned manually, but all the information was read with the computer. The computer read both the field parameters and the track position at every test point. The data were then saved on floppy disks for later processing.
IV. EXPERIMENTAL RESULTS AND COMPARISONS WITH THEORY Four sets of element weightings were applied to the sevenelement array. These amplitude and phase feeding schemes were calculated using the synthesis techniques outlined in Section II. The calculations used two cubic (A = B = C = 1.75X in Fig. 1 ) test volumes at different distances from the array, each with and without mutual-coupling adjustments. We identify the four sets of element weightings as Feeds 1-4 described below: Feed 1. Test volume centered at x = 0, y = 1.75X, and z = 0 without corrections for mutual coupling between array elements (Fig. 3) . Feed 2. Same as Feed 1, but with corrections for mutual coupling between array elements. Feed 3. Test volume centered at x = 0, y = 2.75X, and z = 0 without corrections for mutual coupling between array elements (Fig. 4) . Extensive field measurements were made for Feeds 1-4, but it was found that the corrections for mutual coupling (Feeds 2 and 4) produced a negligible difference in the results [4] . Consequently, we show results for only Feeds 1 and 3 here. In all cases, we show comparisons of theoretical and measured values as a function of z, f(z), with x and y held constant. The boundary of the test volume (z = ±0.75X) is indicated by dots.
In Figs Fig. 12 . The phase is approximately constant in z and linear, e-jky, in y.
V. CONCLUSIONS AND RECOMMENDATIONS
A general near-field array synthesis technique [3] has been applied to a seven-element array of Yagi-Uda antennas in order to optimize the field uniformity throughout a rectangular test volume. The array was constructed and tested in an anechoic chamber at a frequency of 500 MHz to verify the theory and to gain experience in controlling the amplitude and phase of the array elements. The agreement between the measurements and theory was excellent for both the amplitude and phase of the electric field. The effect of mutual coupling between the array elements was sufficiently small that the feed corrections to account for mutual coupling produced a negligible change in the measured fields.
There are a number of logical extensions to this work. The number of array elements could be increased to improve the field uniformity and to increase the size of the test volume. The magnetic field could be probed throughout the test volume with a small loop probe. The Yagi-Uda array was chosen for convenience of analysis and construction in validating the theory. However, to make the phased array useful for electromagnetic-susceptibility testing, we need to be able to scan the frequency over a large bandwidth, perhaps one or two octaves. This capability probably can be achieved by computing frequency-dependent weightings for the array elements, but dipoles might not be the most useful elements because of their frequency-dependent input impedance. To achieve very wide bandwidths on the order of a decade, wideband elements would probably be required. In order to avoid having to rotate the test object, the angle of arrival of the plane wave could be scanned electronically and angular scanning would require a larger number of elements. Also, the appropriate geometry for angular scanning would require further study. 
